Abstract. Wind turbine rotors in idling operation mode can experience high angles of attack, within the post stall region that are capable of triggering stall-induced vibrations. In the present paper, rotor stability in slow idling operation is assessed on the basis of non-linear time domain and linear eigenvalue analyses. Analysis is performed for a 10 MW conceptual wind turbine designed by DTU. First, the flow conditions that are likely to favour stall induced instabilities are identified through 10 non-linear time domain aeroelastic simulations. Next, for the above specified conditions, eigenvalue stability simulations are 
Introduction
In idling mode, the angles of attack (AOA) experienced by the blades significantly vary over one revolution under the combined effect of inflow turbulence, flow inclination and nacelle tilt and yaw. The variation of the AOAs remains substantial even in small yaw misalignments within the range of +/-15 o . It is noted that yaw errors in the above range are 20 considered as normal idling conditions by wind turbine manufactures. Going to moderate yaw angles, the variations of the AOA can be such that the rotor enters stall both at positive and negative AOAs and thereby stall induced vibrations are likely to occur. In the past a lot of research effort has been directed to the analysis of stall induced vibrations (SIV) in normal operation, (Petersen et al, 1998; Hansen, 2003; Riziotis et al, 2004; Hansen, 2007) , however very little has been done for parked or idling rotors. 25 Aeroelastic analysis of parked or idling rotors largely relies on blade element aerodynamic models. BEM models comply with industry's needs for fast aerodynamic tools, capable of performing certification simulations. In the context of blade element models, Politis et al (2009) investigated the stability characteristics of an isolated parked blade at various inflow angles using an eigenvalue approach and considering both steady-state but also unsteady aerodynamics. The paper focused on stall induced instabilities. It was shown that such instabilities can take place at inflow angles that slightly exceed C Lmax 30
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AOA but also in the vicinity of +/-90 o AOA. In a similar context Skrzypiński & Gaunaa (2015) investigated the stability of an elastically mounted 2D section of the parked blade using engineering aerodynamic models. In their work, they investigated the effect of imposing temporal lag on the steady-state aerodynamic loads at very high AOA by using indicial functions. Despite the fact that the choice of the lag response was not based on measured information -a rather intuitive tuning of the model parameters has been performed -it was shown that in all cases an increase in the damping of the low 5 damped edgewise modes is finally obtained even for very small delay values. In their work the authors have also investigated the effect of various structural parameters on the damping characteristics of a parked blade. Very recently Pirrung et al (2016) proposed a new hybrid model for the analysis of parked/idling rotors. The model is based on the coupling of a trailed vortex near wake model with a momentum type far wake model. In their work the authors have only presented time domain aerodynamic analysis results. However, the formulated model is linearizable and therefore can serve for eigenvalue 10 aeroelastic stability analyses.
Although CFD models are still computationally expensive, especially in view of performing detailed time domain certification simulations, some work has been done at the level of advanced aerodynamic models. Skrzypiński et al (2014a) investigated stall induced vibrations using 2D RANS and 3D DES aerodynamic simulations for a typical elastically mounted blade section in combined flap-edge motion. The 3D simulations considered an extruded section and periodic spanwise flow 15
conditions. The analysis focused on AOA that slightly exceed C Lmax . It was concluded that the differences in the predicted post stall characteristics and the stability limits between 2D and 3D CFD analysis are significant. Skrzypiński et al (2014b) also investigated vortex shedding phenomena occurring at very high AOA, in the vicinity of 90 o using CFD models. Also in this work a typical elastically mounted blade section was considered. AOA of about 90 o can be encountered by a wind turbine blade during the installation phase or in case of a yaw system failure. Under such flow conditions vortex shedding 20 phenomena can be combined with negative slopes of the lift curve that favour combined stall and vortex induced vibrations (VIV) . Typical section analysis showed that lock-on at the vortex shedding frequency is likely to occur depending on the amplitude of the lead-lag motion undergone by the section. Finally, Heinz et al (2016) analysed the full blade configuration at 90 o AOA using a DES aerodynamic model coupled to a non-linear beam model of the blade. The analyses showed that at certain azimuth positions of the parked blade when the inflow has a significant velocity component along the blade axis, 25 spanwise correlated vortex shedding over large parts of the blade can be triggered which eventually leads to excessive VIV.
Vortex shedding phenomena and VIV have been also investigated by Zou et al (2014) with vortex modeling. Massive flow separation over the blade surface was simulated in the context of the -double wake‖ concept. The -double wake‖ concept is based on the modelling principle that the flow separation bubble can be simulated by two vortex sheets one originating from the trailing edge of the blade and the other from the position where separation of the flow takes place. The 30 work focused on a typical, elastically mounted blade section at high AOA and showed that VIV and lock-on phenomena are likely to occur at lower wind speeds while at higher wind speeds edgewise instabilities are mainly driven by the negative slope of the lift curve at AOA in the vicinity of 90
o . An important result of this work which confirms the findings of Skrzypiński & Gaunaa (2015) , is that the unsteady character of the flow (temporal lag) increases the damping of the low Wind Energ. Sci. Discuss., doi:10.5194/wes-2016 Discuss., doi:10.5194/wes- -53, 2016 damped edgewise modes at very high AOA and by that indicates that steady-state analysis is expected to be conservative.
In the present paper the stability behaviour of the conceptual 10 MW reference wind turbine (3 bladed, pitch regulatedvariable speed turbine with diameter D=178.3 m) of the INNWIND.EU project (Bak et al, 2013) in slow idling operation is assessed using the linear eigenvalue stability tool GAST_lin (Riziotis et al, 2004) . The objectives of the work are to first identify idling situations at moderate yaw misalignment angles, that favour stall induced vibrations and subsequently predict 5 which of the turbine modes exhibit the lowest damping characteristics. The analysis is confined to yaw angles within the range [-60 o , +60 o ]. This is the absolute upper limit up to which engineering dynamic stall models can be trusted. Outside this range deep stall conditions are encountered that cannot be properly addressed by engineering aerodynamic models. This is because engineering models lack the appropriate tuning in such deep stall conditions. Furthermore, in deep stall, vortex shedding phenomena take place that lead to additional periodic excitation of the rotor not included in the present engineering 10 modeling framework.
The eigenvalue analysis results are compared against results of non linear time domain analysis as well as with results of aerodynamic work computations coming from forced harmonic oscillation simulations in which the imposed motion follows the shape and the frequency of the turbine modes. This is done in an attempt to prove that fast linear eigenvalue stability tools that have been widely employed by the industry for damping characterization in normal operation conditions can be 15 also trusted for predicting damping in idling operation conditions. The inflow conditions that favour stall induced instabilities are identified through turbulent wind non-linear time domain aeroelastic simulations at yaw angles in the range [-60 o , +60 o ] (moderate to high yaw angles) using the hGAST aeroelastic modeling platform (Manolas et al, 2015) . As already mentioned the above range of yaw angles defines the validated envelope of engineering dynamic stall models. Rotor azimuth positions and corresponding sectional AOAs at which 20 instabilities are favoured are assessed. Moreover, the average rotor speeds for the different yaw angles are recorded in order to be used as input to the linear eigenvalue stability tool.
Based on the findings of the above time domain analysis, eigenvalue stability simulations are performed focusing on the conditions for which maximum edgewise loads are obtained with hGAST code. Stability analysis in the case of yaw misalignment requires application of Floquet's theory (Skjoldan & Hansen, 2009; Bottasso & Cacciola, 2015) . Due to the 25 essentially periodic character of the resulting dynamic system, Coleman's multi-blade transformation can no longer reduce the system to a constant coefficient one. Besides the anyway high cost of Floquet analysis, in idling conditions the rotational speed attains very low values that become at least ten times smaller than the lowest natural frequency of the turbine which further increases the cost to a prohibitive level for the here intended analysis. By noting that at very small rotational speeds (~1 RPM) low order harmonics (up to 6p) are not expected to interact strongly with the natural frequencies of the turbine, as 30 an alternative, non-rotating (static) analysis can be performed at different azimuth angles within the sector [0 o , 120 o ]. In order to approximate as closely as possible the rotating case a free-free drive train (free rotation boundary condition over the generator side) is simulated and the idling rotational speed (obtained through time domain simulations) is taken into account in formulating the local to the blade section velocity triangle.
Finally, using as input the aeroelastic mode shapes and frequencies calculated through the eigenvalue analysis, aerodynamic work computations are performed. The turbine is set to a prescribed small amplitude harmonic motion following the shape and frequency of the various aeroelastic modes. The work done by the aerodynamic loads acting on the blades as a result of this forced vibration, is computed within one oscillation cycle. This work is directly related to the damping of the corresponding mode (Petersen et al, 1998 
Background on the dynamics and aerodynamic loading of an idling turbine 10
In the present section some important features related to the dynamics and aerodynamics of an idling turbine are discussed.
This background information is regarded essential to render stability results presented in the following sections intelligible. Bringing the asymmetric flap and edge modes closer will render the cross coupling between the corresponding bending directions stronger when the blades are in feather position. The frequency of the first symmetric out of plane mode M5 will 20 gradually increase and finally at high pitch angles will exceed the frequency of the asymmetric edgewise modes M6 and M7. As the blade pitches to feather, the asymmetric flapwise modes switch from out-of-plane to in-plane. Inversely the asymmetric edgewise modes switch from in-plane to out-of-plane. So, as the blade pitch changes from 0 o to 90 o the first 5 asymmetric edgewise (in-plane) vertical mode M6 turns into a first asymmetric edgewise (out-of-pane) yawing mode and the first asymmetric edgewise (in-plane) horizontal mode M7 turns into a first asymmetric edgewise (out-of-pane) tilting mode.
This transformation of the asymmetric edgewise modes is depicted in Figure 2 As already discussed the AOAs experienced by the blades of an idling rotor vary significantly over the revolution. The 5 velocity triangle of a section of an idling blade is illustrated in Figure 5 As the pitch of the blade increases towards feather the local AOAs -seen‖ by the blade are equally shifted to lower values and therefore idling speed decreases. On the other hand reduction of the idling speed leads to higher AOAs along the blade 20
span. An example of the effect of the idling speed on the AOAs of the 75% section is shown in Figure 6 
Description of tools
Non-linear time domain aeroelastic simulations are performed using NTUA's in-house servo-aero-elastic solver hGAST (Manolas et al, 2015) . Stability analysis is performed using the eigenvalue stability tool GAST_lin (Riziotis et al, 2004) which is a linearized version of the non-linear hGAST code. In both hGAST and GAST_lin solvers, the full wind turbine is 10 considered as a multi-component dynamic system having as components the blades, the drive train and the tower; all approximated as Euler-Bernoulli or Timoshenko beam structures. Assembly of the above components into the full system is carried out in the framework of the so called multibody approach. It consists of considering each component separately from the others but subjected to specific free-body kinematic and loading conditions that are imposed at the connection points of the components. 15
In the multibody context, a local coordinate system Oxyz , (see Figure 7 (a)) is assigned to each component/body with respect to which local elastic displacements are defined. In GAST_lin the local frame of each body is subjected to rigid body and elastic motions communicated by preceding bodies as kinematic conditions imposed at their connection points. Rigid body motions can be either prescribed or controlled while elastic motions consist of the total deflection of the previous components -transferred‖ to the current component. For example, the blades are subjected to pitch motion (rigid body 20 motion directly imposed to the blade), azimuthal rotation and yaw rotation (rigid body motions indirectly imposed to the blades through the drive train and the nacelle) and the elastic translational and rotational motions of the drive train and the tower. T is the local to global rotation matrix (see Figure 7 (a)). 25 where   T kk G  Tr is expressed in local coordinates. The motion of the local body system will give rise to extra inertial termscentrifugal and Coriolis terms defined in Eq. (2) through the time derivatives of k T -which must be added in the equilibrium equations.
In defining k R and k T a sequence of displacements and rotations j d and j T is followed that connects Oxyz to In addition to the kinematic conditions that are imposed at the connection points, loading conditions must be also satisfied. In particular, at each connection point, one of the connected bodies contributes the displacements and rotations to all others, which in turn contribute their internal (reaction) loads. So, in the previous example the tower will receive the loads from the nacelle. 20
The advantage of the above formulation in comparison to other multi-body formulations applying the Lagrange multipliers approach is that the resulting dynamic equations of motion can be easily linearized analytically and thereafter linear eigenvalue stability analysis can be performed with respect to a highly deflected steady or periodic state.
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The same multi-body formulation is also extendable to the component level which is actually implemented in hGAST.
Highly flexible components, such as the blades, are divided into a number of interconnected sub-bodies, each considered as a single beam element or as an assembly of beam elements. Each sub-body has its own coordinate system Oxyz , which follows the deflection of the body. The first end (P1) of the sub-body is considered as the origin O while the second end (P2) is free. As illustrated in Figure 8 , the co-ordinate system Oxyz of the th sub-body of the k  th body, is defined 10 with respect to the co-ordinate system 
where k  r is the position vector of the arbitrary location on the sub-body with respect to Oxyz . Dynamic coupling of the subbodies is introduced by communicating the reaction loads (3 forces and 3 moments) at the first node of each sub-body to the free node of the previous sub-body as external load (see Figure 8 ).
Rotor aerodynamics in both codes is simulated using a Blade Element Momentum (BEM) model. In hGAST an elaborated BEM model is employed that accounts for dynamic inflow, yaw misalignment, and dynamic stall effect through 5 the ONERA dynamic stall model (Petot, 1989) . In GAST_lin the frozen wake concept is adopted while unsteady aerodynamics and dynamic stall effect are again accounted for by means of the ONERA model. In the linearized tool, the unsteady aerodynamic and dynamic stall equations, the corresponding aerodynamic states (circulation parameters of the ONERA model) and the structural equations along with the corresponding DOFs are treated uniformly in one system following the so-called -Aeroelastic Beam Element‖ concept (Riziotis et al, 2004) . 10 In normal operating conditions stability analysis is performed in the context of multi-blade transformation (Coleman & 15 Feingold, 1958) . As already discussed in the introduction section stability analysis of a rotating rotor experiencing yawed inflow would require application of Floquet's theory. This is because periodic coefficients arising from the asymmetry of aerodynamic loads cannot be eliminated by means of Coleman's transformation. However, given that idling speeds are usually small (~1 RPM) and in order to avoid computationally expensive Floquet analysis, stability simulations are and constant pitch angle of 87 o . Six 10-minute simulations are performed for every yaw angle corresponding to different 10 realizations of the wind (wind seeds). Figure 9 presents the min-max envelope of the edgewise (out-of-plane) bending moments at blade root as functions of the yaw misalignment angle. Load results of all three blades for the different wind seeds, as well as average loads are provided in the plot. It is seen that ultimate loads attain both maximum and minimum value at +30º of yaw. When loads are averaged, the minimum is found at +22. For the yaw angle of 30 o a pattern of the edgewise bending moments at the three blade roots is shown in Figure 10 
Eigenvalue analysis results
In the present section eigenvalue stability analysis results for the idling rotor are presented at the wind velocity of 42.5 ms Figure 12 . Emphasis is put on yaw angles for which higher minimum/maximum loads are predicted by non-linear time domain analysis. A correlation is attempted between the damping and frequency predictions obtained through the eigenvalue stability simulations with the results of the time domain analysis. Eigenvalue stability simulations are performed using both steady-state and unsteady (ONERA model) aerodynamics. Certain engineering dynamic stall models (e.g. Beddoes-Leishman) automatically switch to 30 almost steady-state aerodynamics at very high AOA (well beyond CLmax AOA) (see Hansen et al, 2004) while ONERA model is fully deployed at all AOA. Therefore, an analysis using steady state polars is meaningful because it provides the range of anticipated damping predictions among different models.
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Wind Energ. Sci. Discuss., doi:10.5194/wes-2016 Discuss., doi:10.5194/wes- -53, 2016 Manuscript under review for journal Wind Energ. Sci. It is seen that the three out-of-plane modes, M5, M6 and M7, are clearly the lowest damped ones (Figure 13(b) ). This is definitely in agreement with the time domain analysis results as shown in the PSD plots of the edgewise bending moment at the root of the three blades (Figure 14(b) ). The three predominant peaks on the PSD plot indicate the modes that are highly excited. The corresponding frequencies are found at ~0.69 Hz, 0.81 Hz, 0.95 Hz. These frequencies agree well with the 5 values obtained with the stability tool (Figure 13(a) ). A lower peak appears at 0.25 Hz which corresponds to the first longitudinal tower bending mode M1. On the contrary no peak appears in the PSD of the blade root flapwise bending moment (Figure 14(a) ). This indicates that the aerodynamic damping of the in-plane modes M3, M4 and M8 is high. The same is also consistently predicted by the stability tool (all values are above 100% in logarithmic decrement). Worth noticing is that both the level of damping and the frequencies are independent of the azimuth position in the 0 o yaw case. Eigenvalue 10 analysis using steady-state polars (not shown in the figures) gives similar results with those of the unsteady aerodynamic analysis. The damping of the low damped out-of-plane (edgewise) modes M5, M6 and M7 remains positive at all azimuth angles while in-plane (flapwise) modes appear to have about 50% higher damping and 20% lower frequency. The damping and frequencies are almost independent of the azimuth angle also when steady-state aerodynamics is used. The above frequency shift corresponds to the average idling rotational frequency (1p frequency). These peaks represent rotating periodic dynamics of the system (in terms of the principle eigenfrequency) and they are found to be even more 25 excited than the centre frequency peak. Such peaks are not observed in the PSD plot of the 0 o yaw case since the idling speed of the rotor is almost zero in this case, as seen in Figure 12 . In a simulation with uniform inflow, at the same wind speed (42.5 ms -1 ), the abovementioned peaks become more distinct (other peaks appear as well that correspond to higher multiples)
as seen in the PSD plot of Figure 18 (b). It is noted that in the uniform inflow case, after an initial transient, the idling speed reaches a constant value (0.78 RPM, 0.013 Hz) This explains why the two peaks appear at frequencies exactly equal to  30 of the principle eigenvalue. In the case of turbulent wind, the idling speed continuously changes and therefore the obtained peaks are more spread. The amplifying response of the edgewise moment in the simulation with uniform inflow shown in Figure 19 indicates that under uniform inflow conditions the system is unstable. The above result is in perfect agreement with the results of the eigenvalue analysis which show that M7 mode is negatively damped at all azimuth angles. In turbulent wind simulations instabilities are mitigated as a result of the incoherent loading of the blades along their span and the continuous variation of the inflow that pushes the blade in and out stall (regions of negative C L slope).
In Figure 17 (a) high energy levels are noted in the frequency range of [0.5 Hz, 0.6 Hz]. The peak corresponds to the inplane mode M4. As discussed earlier, according to the stability predictions, this is the lowest damped flapwise mode. The smooth shape and the spread of the peak indicate the high aerodynamic damping involved. 5 In Figure 20 and Figure Wind Energ. Sci. Discuss., doi:10.5194/wes-2016 Discuss., doi:10.5194/wes- -53, 2016 Manuscript under review for journal Wind Energ. Sci. 
Work computation results 10
Next, the results of the eigenvalue analysis of the previous section are further evaluated by computations of the work of the aerodynamic forces in imposed harmonic vibrations. The blade is subjected to an externally imposed harmonic motion following the shape and frequency of the mode considered and the unsteady aerodynamic loads are calculated along its span Wind Energ. Sci. Discuss., doi:10.5194/wes-2016 Discuss., doi:10.5194/wes- -53, 2016 Manuscript under review for journal Wind Energ. Sci. at various stations. Then the work done by the aerodynamic loads is computed over one cycle of the blade oscillation. The above work is directly associated with the damping of the corresponding mode. The mode shapes and eigen-frequencies used in the present analysis are the aeroelastic ones obtained through the eigenvalue analysis on the full aeroelastic system. As opposed to the structural mode shapes (obtained for the free vibration problem in vacuum conditions), the aeroelastic mode shapes also include the phase shift between the various components of the blade motion and therefore provide more realistic 5 prediction of the work distribution.
Work analysis is able to bring more insight into stability computations because it provides stability characteristics separately for each blade. When eigenvalue analysis gives negative damping value for a specific mode, work analysis can identify which blade is responsible for the instability as well as the spanwise extent of the negative damping contribution.
The non-linear behaviour of the aerodynamic loads can be also investigated, by changing the amplitude of the forced 10 oscillation. Since one of the main objectives of the present work is the evaluation of the linear eigenvalue analysis predictions, modal amplitude was kept low and equal to 0.2 m at the blade tip. As previously the analysis focuses on the yaw angle of 30 o where stall induced vibrations mainly take place and only on rotor modes.
In Figure 22 & Figure 23 aerodynamic work results (integrated over the span and summed up for the three blades) are compared against eigenvalue analysis results both for steady-state and unsteady aerodynamics. The cross comparison of the 15 two sets can be only performed at a qualitative level because in order to obtain the non-linear damping of a particular mode through work computations the predicted work value must be divided by the modal mass of the mode which is not the same for the different modes.
For steady-state aerodynamics (see Figure 22 ) the agreement between work computations and eigenvalue analysis results is very good. Some differences are only noted in the shape of the work distribution of M4. Eigenvalue analysis predicts 20 almost constant high positive damping of about 250% in the azimuth range [25 o and M6 are mostly positively damped. For unsteady aerodynamics (see Figure 23 ) and in regard to the flap modes, in general 25 the two sets correlate well except for M3 at some specific azimuths (for example 5 o and 115 o ). In these particular positions the eigenvalue analysis predicts positive damping, while in the work analysis the damping is negative. Also, in regard to the edgewise modes, the two methods compare well. In line with the eigenvalue analysis results, the work calculated for mode M7 remains negative over the whole azimuth range whereas the same calculation for M5 and M6 gives positive work values.
It is noted that differences between eigenvalue analysis and work results in the shape of the curves are bigger in the case of 30 unsteady aerodynamics. Despite the relatively small amplitude of 0.2 m used in the work analysis deviations from the eigenvalue analysis results are big in some cases. The explanation of the above differences lies in the strong non-linearity of the ONERA equations, especially within the stall region. In ONERA model, dynamic stall characteristics are derived through the solution of a set of second order in time, variable coefficient (coefficients depend on steady-state polars) Wind Energ. Sci. Discuss., doi:10.5194/wes-2016 Discuss., doi:10.5194/wes- -53, 2016 Manuscript under review for journal Wind Energ. Sci. In Figure 24 a snapshot of the shape of the negatively damped M7 mode is shown along with the traces of the three blades tip motion. Clearly, the mode is an asymmetric, out-of-plane one with the two lower blades moving in one direction while the upper in the opposite. Modal motion resembles tilting of the rotor and that is why the mode is called asymmetric out-of-plane tilt. It is seen that the three blades undergo a coupled edgewise/flapwise motion (elliptical shape of modal displacement loops) with a different degree of coupling (indicated by the slope of the loops) and different phase difference of 5 the two motions (indicated by the width of the loops). All three blades follow an anti-clockwise rotation (indicated by the symbol in the loops which denotes the starting point on the loop). It is interesting to note that blade 3 essentially undergoes an in-plane motion (flapwise motion) while blade 1 presents the lowest degree of coupling with the flapwise direction.
In Figure Wind Energ. Sci. Discuss., doi:10.5194/wes-2016 Discuss., doi:10.5194/wes- -53, 2016 Manuscript under review for journal Wind Energ. Sci. Wind Energ. Sci. Discuss., doi:10.5194/wes-2016 Discuss., doi:10.5194/wes- -53, 2016 Manuscript under review for journal Wind Energ. Sci. Eigen values stability simulations are performed both for steady-state and unsteady aerodynamics. The aim of running 5 simulations also for steady state aerodynamic conditions is to explore the range of damping predictions especially in connection to the fact that many of the state of the art engineering dynamic stall models automatically switch to steady state at very high AOA. Results indicate that steady state analysis is more conservative providing higher negative damping values for all out-of-plane modes.
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